Supplementary Figure 1 Principal axes of the cantilever and NV center. a, Schematic of the cantilever. The principal axes of the cantilever are defined in terms of the diamond crystallographic directions. b, On the left is the NV structure. Black atoms represent carbon, the blue atom represents nitrogen and the white atom represents a vacancy. On the right, the NV is being viewed along its symmetry axis from the nitrogen to the vacancy.
defining the axial strain, , and transverse strain √ . The Hamiltonian simplifies to
where ⁄ . We see while axial strain shifts the | ⟩ states together relative to the | ⟩ state, transverse strain mixes the | ⟩ levels. In our experiment, NVs embedded in a SCD cantilever experience a strain when the cantilever bends, and for small displacements of the cantilever, such as in this work, the strain is linear with displacement.
We define the strain due to the fundamental mode to be , where is the amplitude of driven motion and is the amplitude of zero point motion for the fundamental mode of the resonator, and is the strain induced by the zero point motion. Going forward, we define and , ⁄ , and .
In our experiments, we introduce a static magnetic field that is closely aligned to the NV axis in order to split the degeneracy of the | ⟩ spin levels. In the low perpendicular field limit, √ , and the spin eigenstates are approximately given by
where is the Stückelberg angle and . Note that in the absence of transverse strain this returns the usual eigenstates.
The corresponding eigenenergies are √
In our experiment, we encode our spin qubit in the | ⟩ | ⟩ spin states with a qubit frequency of √ . This expression shows how we can distinguish the effects of axial and transverse strain; an AC axial strain generated by the cantilever modulates the qubit splitting at the cantilever frequency whereas an AC transverse strain modulates at nearly twice the frequency.
Supplementary Note 2. Hahn echo and axial strain signal
Here, we derive the theoretical Hahn Echo signal for an NV under AC strain. We treat the cantilever as a quantum harmonic oscillator. Because the cantilever is driven on resonance, we may neglect any dissipation in the resonator. This treatment returns the classical result in the limit that . We assume the NV is in the presence of a large external magnetic field aligned to the symmetry axis. The | ⟩ | ⟩ states are selectively addressed by applying nearresonant microwaves at the | ⟩ | ⟩ transition frequency to the NV, allowing the | ⟩ state to be ignored due to the large microwave detuning.
An axial strain in the | ⟩ | ⟩ basis coherently modulates the system energy at the cantilever frequency. If ( ) , then the transverse strain will have a negligible effect on the spin evolution in the experiment. Therefore, we model the system with the spin-boson
where is the transition frequency in the absence of strain, is the cantilever frequency and is the annihilation operator of the oscillator. To readout the spin, a green laser is applied to the NV and photons emitted into the phonon sideband are collected. The readout sequence is calibrated by a repolarization pulse that measures the fluorescence of the | ⟩ state. Thus, we are interested in the probability that the NV's final state is | ⟩, which is given by , where refers to the phase accumulated in the echo sequence and is the total free evolution time of the spin.
In generic dynamical decoupling pulse sequences such as a Hahn echo, a pulse inserted into the free evolution of the spin acts to swap to and vice versa. In the spin's reference frame, the sign of the interaction then "toggles" each time a pulse is applied. Therefore, it is convenient to write out the Hamiltonian in the interaction picture with respect to and introduce the "toggling frame" with
where and is a square wave that switches between and defines the toggling frame generated by the pulse and defines the length of a free evolution period. Because we have neglected dissipation, . The phase acquired for a Hahn Echo experiment with total evolution time is given by
The timing of each Hahn echo experiment is not phase locked with the cantilever's motion, thus the signal is averaged of a uniformly distributed initial phase of the cantilever,
. For the overall probability to be in the | ⟩ state, we obtain
where is the 0 th order Bessel function of the first kind.
If we take into account the decay of the NV, the probability to be in the | ⟩ state obeys
We note that several values of [ ] yield good fits to the data, but the extracted decay constant, , is relatively unchanged for any of these exponents.
This probability is then mapped to the normalized fluorescence and hence the populations, giving the overall expected signal. We use this expression to extract the axial strain coupling parameter, .
Supplementary Note 3. Strain in a singly-clamped cantilever
Here, we derive the strain experienced by an NV due to the bending of the cantilever.
This can be done with elasticity theory and Euler-Bernoulli flexure theory, which is used to describe the bending modes of a long, thin beam. Consider a singly-clamped diamond beam of length , width , and thickness . The wave equation for beam deflections of the neutral axis obeys (7) where represents the beam deflection in the direction and is along the length of the cantilever, as shown in Supplementary Fig. 1a . Here, is Young's modulus of diamond ( 1.2 TPa), is the moment of inertia of the beam, is the mass density of diamond (3.5 ) , and is the cross sectional area in the transverse plane. The solutions of (S7)
for a singly-clamped beam take the form , where is given by (8) which obeys the boundary conditions . The coefficients and satisfy the condition and satisfies the condition .
The eigenfrequencies of the cantilever are given by
In this paper, we are interested in the fundamental mode of the cantilever where and . To normalize the fundamental mode solution, we set the value of to be equal to the amplitude of zero point motion, √ , where is the effective mass of the cantilever If the NV sits at a point from the neutral axis of the beam, which here is defined as the line passing through the center of the beam parallel to , then the strain associated with the fundamental mode of the cantilever as a function of is given by , thus we find
In our cantilevers, , where is the nitrogen implantation depth of approximately 50 nm. Note that the strain is maximized at the base of the cantilever and decreases along the length of the cantilever, where it reaches a value of 0 at the tip.
Supplementary Note 4. Calculation of the strain tensors
To extract the strain coupling parameters in Supplementary Equation (2), it is necessary to transform the strain tensor from the cantilever's basis to the NV's basis. Here, we define the axis to be the cantilever axis, the axis to be perpendicular to the plane of the cantilever and the axis to be in the plane of the cantilever, as depicted in Supplementary Fig. 1a . We begin with the strain tensor defined in the cantilever's basis, with defining the unaxial strain along the cantilever's axis due to the bending defined in Supplementary Equation (10). The strain tensor in the cantilever's basis is then
where is the Poisson ratio for CVD grown diamond 3 .
The cantilevers are cut along the ( ) plane and the diamond is grown along the ( ) plane. Therefore, the axis is parallel to the [ ] direction, the axis is parallel to the [ ] direction, and the x axis is parallel to the [ ̅ ] . To obtain the strain tensor for the 4 different orientations, we apply a transformation of the form that takes the principal axes of the cantilever into the principal axes of the NV center. Specifically, the axis of the cantilever will be transformed into the NV symmetry axis and the axis of the cantilever will be transformed so that it lies along the projection of a carbon bond in the plane perpendicular to the NV axis, as shown in Supplementary Fig. 1b . We note that because of the rotational symmetry, there will be 3 unique transformations for each orientation. However, the overall transverse and axial strains will remain invariant, and only the shear terms and the strain phase will be affected.
We neglect shear in our analysis and will not affect the energy or magnitude of strain. 
Using these strain tensors, we define the strain coupling parameters, and to be (15)
where is the amplitude of driven motion.
To extract the strain susceptibility parameters, we first fit our pulsed magnetic resonance data to the theoretically predicted coherence envelopes, which gives a value for each coupling and with an uncertainty that is given by the standard error in the fit. Next, we fit these values as a function of to the expression given by (S10) including uncertainties in the implantation depth and drive amplitude. From this fit, we extract the strain susceptibilities with an uncertainty
given by the standard error in the fit. Finally, our quoted value of the axial strain susceptibility is given by averaging the extracted values of the susceptibilites for each measured NV, with the quoted uncertainty given by the standard error of the mean. The value and uncertainty of the transverse strain susceptibility is given by a measurement of a single NV.
In Fig. 3b of the main text, the shaded region is given by Supplementary Equation (15) for the axial strain including uncertainties in the NV's depth and the amplitude of driven motion.
Supplementary Note 5. Strain sensitivity estimation
Here, we provide a shot-noise limited estimation of the strain sensitivity of our device following a similar approach provided in Supplementary References 4 and 5. We define the strain sensitivity as the sensitivity of a strain measurement with a signal to noise ratio of one.
The strain measurement to be considered is a Hahn echo experiment in the | ⟩ | ⟩ basis in which an AC strain is introduced from sinusoidal motion of the resonator. The free evolution period is matched to half of the resonator's oscillation period and phase locked to the motion, maximizing the accumulated phase. In our strain sensing measurements and in the analysis that follows, we focus solely on the NV sensitivity to axial strain, but note that this analysis may also be applied for transverse strain.
The strain sensitivity may be written as
where is defined as
is the total Hahn echo measurement time, is the total number of measurements, is the exponent given in Supplementary Equation (21) [1, 3] yielded good fits to our data, and henceforth we will set equal to one.
Assuming no dead time between measurements, ⁄ , where is the total interrogation time. In addition, it can be shown [S5] that the signal to noise ratio is maximized when ⁄ , and hence the sensitivity and minimum detectable strain can be written as
Substituting the measured values of all parameters from our devices, we extract a minimum detectable strain of in a 1 second measurement, implying the sensitivity of our device is . Given the minimum detectable strain, the minimum detectable amplitude of motion may be then inferred using Supplementary Equation (15), from which we estimate a minimum detectable amplitude of motion of 7 nm.
Supplementary Note 6. XY-4 and transverse strain signal
To further enhance the sensitivity to strain, we use the higher order dynamical decoupling pulse sequence, XY-4. By introducing multiple pulses, the spin may acquire more phase and simultaneously decouple from higher frequency sources of decoherence. The XY-4 pulse obeys the timing described for the canonical CPMG pulse sequences. However, the XY-4 control propagator alternates the rotation axes of the pulses between and , which serves two primary functions. First, this corrects small timing errors in the microwave pulses to first order.
Second and more importantly, this facilitates delibrate phase accumulation, which will be the foundation of our signal. The timing for the XY-4 sequence used in the main text is given by , where the total evolution time is .
We use the XY-4 sequence specifically for measurements of the axial strain coupling for NVs farther down the cantilever, which experience relatively small strain. We also use this sequence to measure the transverse strain coupling. In the | ⟩ | ⟩ basis, transverse strain is essentially a second order correction to the energy and is suppressed by the axial magnetic field, making it difficult to detect with the usual Hahn Echo sequence. We note, however, that this enhancement of the transverse strain only has a measurable effect on the spin evolution for the class of NVs that experience predominantly transverse strain.
In our measurements of the axial strain coupling, we only need to consider the axial strain interaction. The Hamiltonian in the interaction picture is again given by Supplementary Equation (18), where the toggling frame defined by now reflects the timing of the XY-4 sequence.
Using the method described in the previous section, we find that the probability to be in the | ⟩ state is given by
A typical XY-4 signal for an NV that experiences predominantly axial strain is shown in Supplementary Fig. 2 . This NV was located at the base of a cantilever that was being driven with an oscillation amplitude of 250 nm. From the fit shown in Supplementary Fig. 2 , we extract an axial strain coupling MHz and a cantilever frequency of kHz, in agreement with the driving frequency of 884.894 kHz.
For NVs in the high transverse strain class, the Hamiltonian in the interaction picture is given by
The signal will be given by [
], where . To evaluate we use the incomplete elliptic integral of the second kind . If the elliptic modulus, , satisifies , then we define the incomplete elliptic integral of the second kind to be ∫ √ .
The perpendicular phase is obtained to be
where we have defined √ for convenience.
Averaging over the initial phase of the cantilever, we obtain the XY-4 signal. Using this expression, we extract the transverse strain coupling. We note that this expression is not analytic.
Therefore, to extract we used a series of numerically integrated fit functions that sample various values of , and while keeping the Zeeman splitting and amplitude of driven motion constant. Using least-squares fitting, we are able to extract the values of , and that give the best fit. As a consistency check, the extracted value of can be compared to the expected value given the measured and the expected strain given the strain tensors calculated in Supplementary Equations (12)- (14).
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